Genetically encoded fusion constructs derived from fluorescent proteins (FPs) can be designed to report on a multitude of events and signals in cells, tissues, and entire organs without interfering with the complex machinery of life. EosFP is a novel FP from the scleractinian coral Lobophyllia hemprichii that switches its fluorescence emission from green (516 nm) to red (581 nm) upon irradiation with Ϸ400-nm light. This property enables localized tagging of proteins and thus provides a valuable tool for tracking protein movements within live cells. Here, we present the x-ray structures of the green and red forms of WT EosFP. They reveal that formation of the red chromophore is associated with cleavage of the peptide backbone, with surprisingly little change elsewhere in the structure, and provide insights into the mechanism that generates this interesting posttranslational polypeptide modification.
G
enetically encoded fusion constructs derived from fluorescent proteins (FPs) can be designed to report on a multitude of events and signals in cells, tissues, and entire organs without interfering with the complex machinery of life. The toolbox of FPs, initially limited to the GFP from the luminescent jellyfish Aequoria victoria (1) and its genetically engineered variants (2) , has been greatly expanded in recent years by the cloning of FPs from Anthozoa animals. Some of these proteins show exciting new properties, including red-shifted fluorescence (3-7) and photoinducible green-to-red conversion (8) (9) (10) . The latter property is particularly attractive as it allows regional marking and tracking of proteins in live cells. Unfortunately, the tendency of WT anthozoan FPs to oligomerize often creates problems in fusion constructs so that further optimization by genetic engineering is required (11) .
Further advances in FP technology require a detailed understanding of the structural and dynamic processes that accompany photon absorption and emission. The fold topology of GFP features an 11-stranded ␤-can with a helix in the center (12, 13) , in which the chromophore, 4-(p-hydroxybenzylidene)-5-imidazolinone, is tightly encased. In GFP, it forms autocatalytically from the tripeptide Ser-Tyr-Gly in an oxidation reaction. Whereas all members of the FP family have an identical overall polypeptide fold (14-17), significant differences can occur in the covalent structure of the chromophore. In red FPs such as DsRed and eqFP611, the GFP chromophore forms initially, and subsequently, the C␣-N␣ bond of the first amino acid in the tripeptide oxidizes, thereby extending the -conjugated electron system along the backbone and shifting the fluorescence emission to the red (5, 7, 15, 18, 19) . Green-to-red photoconvertible FPs form another subclass that includes EosFP (9), Kaede (8, 20) , DendFP (10), mcavRFP, and rfloRFP (21) . They all contain a chromophoric unit that derives from the tripeptide His-TyrGly. In contrast to DsRed and eqFP611, their green-to-red conversion is driven by light rather than chemical oxidation, as it occurs under anaerobic conditions but not in the dark. On the basis of mass spectroscopy and NMR spectroscopy of the red chromophore, Miyawaki and coworkers (20) suggested a model in which the protein moiety catalyzes a ␤-elimination reaction, thus causing cleavage of the His N␣-C␣ bond with concomitant extension of the conjugated electron system so as to incorporate the imidazole side chain of the histidine into the chromophore. Clearly, such a scenario depends on the precise stereochemical alignment of the groups involved in this reaction. Consequently, elucidation of this peculiar posttranslational modification requires knowledge of the overall structure of the polypeptide moiety and the chromophore. Here, we present the x-ray structures of both the green and red forms of EosFP at 1.85 and 2.0 Å, respectively. The crystallographic analysis is summa- Numbers in parentheses refer to the highest-resolution shell (2.0 -1.85 Å for the green species, 2.1-2.0 Å for the red species). *R merge ϭ ͚hkl ͚i͉Ij(hkl) Ϫ ͗I(hkl)͉͘/͚hkl ͚j ͗I(hkl)͘, with Ij(hkl) representing the intensity of measurement j and ͗I(hkl)͘ the mean of measurements for the reflection hkl.
rized in Table 1 . Based on inspection of the chromophores and their immediate environments, we propose a mechanism for the light-induced conversion process.
Materials and Methods
Crystallization. EosFP was expressed in Escherichia coli (strain M15pREP4) and purified as described (9) . Crystals were grown at 20°C in 30% PEG 4000, 0.1 M Tris, 0.2 M sodium acetate (pH 8.5), using the hanging drop vapor diffusion method. After a few days, small pyramidal crystals appeared that reached a final size of 0.15 mm 3 after Ϸ1 week. Great care was taken to set up the crystallization trials of the green species in the dark. The crystals were transferred to cryosolvent (10% glycerol͞30% PEG 4000͞ 0.1 M Tris, pH 8.5͞0.2 M sodium acetate) and flash-frozen in liquid nitrogen.
X-Ray Structure Analysis. Data sets were collected at 100 K on a MAR345dtb image plate detector (MAR-Research, Hamburg) using radiation from a RU300 x-ray generator (Rigaku, Houston) equipped with Osmic confocal optics (Rigaku). Reflection data were integrated and scaled with HKL (22) . The structure of red EosFP was solved by molecular replacement with the program PHASER (23, 24) using coordinates of Montipora efflorescens chromoprotein Rtms5 (Protein Data Bank ID code 1MOV) (25) , which exhibits 50% sequence identity to EosFP. A search model was constructed by omitting the chromophore and residues differing between the two proteins. Model building and crystallographic refinement were performed with MAIN (26) and CNX (27, 28) . Initially, coordinates of the individual subunits of the tetramer were kept identical in the refinement. In later stages, noncrystallographic symmetry restraints were removed.
The structure of the green form of EosFP was determined by molecular replacement with the program AMORE (29) by using the refined coordinates of the red form as a search model. Simple rigid body refinement of the individual monomers of red EosFP did not result in the correct structure of the green form of the functional protein complex.
For both forms, chromophores were modeled in the later stages of refinement. From the difference electron density maps, it was immediately obvious that the green form had an intact amide bond between residues Phe-61 and His-62, whereas the red form clearly showed a break in the backbone between these residues. The electron density of the red form confirmed a carboxamide structure at Phe-61 (Fig. 1C) .
The refined models for both forms of EosFP consist of tetramers of EosFP subunits and a large number of well ordered water molecules. The electron density defines residues Ile-4 to Asp-222 of the expressed protein sequence; both models exhibit excellent stereochemistry.
Results and Discussion
Overall Structure. Fig. 1 A gives an overall view of the EosFP structure showing the arrangement of dimers of dimers typical of anthozoan FPs (14) (15) (16) . A comparison of the green and red EosFP structures shows that, with the exception of residues Phe-61 and His-62, the chromophore, its environment, and even the water structure around the chromophore are entirely unperturbed by the photochemical modification. The conservation of the 3D structure is reflected by the overall rms displacements for the C␣ atoms of 0.25 Å between the green and red monomers and the respective tetramers.
Structure of Green EosFP. In its anionic form, the green chromophore in EosFP exhibits absorption and emission maxima at 506 and 516 nm, respectively. It forms autocatalytically from amino acids His-62, Tyr-63, and Gly-64 and features the typical 4-(p-hydroxybenzylidene)-5-imidazolinone moiety. Its chemical structure is very well established in the electron density (Fig. 1B ). Crystallographic refinement reveals an almost perfectly planar chromophore structure, with torsion angles around the two exocyclic bonds of 4°and 8°. A cluster of charged or polar amino acids and structural water molecules are visible in the immediate vicinity of the chromophore (Fig. 1D) . Both Arg-66 and Arg-91 engage in hydrogen bonds to the carbonyl oxygen of the imidazolinone moiety. A close-knit network of hydrogen bond interactions between Glu-144, His-194, Glu-212, and Gln-38 is located above the plane of the chromophore. The Thr-58 backbone carbonyl is hydrogen-bonded to the backbone NH of His-62. The His-62 side chain adopts an extended conformation ( ϭ 168°; 1 ϭ 167°) and resides in an unpolar environment. Whereas its N nitrogen is left without polar interactions, its N␦-H group forms a contact to the preceding backbone carbonyl oxygen of Phe-61 at a distance of 3.3 Å. Particularly interesting with respect to the mechanism of light-induced backbone cleavage is the observation that one of the carboxylate oxygens of Glu-212 is positioned only 3.3 Å away from His-62-C␤.
Structure of Red EosFP. The red chromophore in EosFP, with absorption and emission maxima at 571 and 581 nm, respectively, in its anionic form (9), is unequivocally defined by the experimental data (Fig. 1C) . It is generated by cleavage of the peptide backbone, as was already suggested from our gel electrophoresis studies that showed two subfractions of 8 and 20 kDa (9) . The break occurs between His-62 N␣ and C␣, as inferred by Mizuno et al. (20) . The electron density at Phe-61 is consistent with a carboxamide structure. The observed red-shifted absorption and fluorescence results from an extension of the -conjugation of the chromophore, by which the His-62 imidazole ring system connects to the imidazolinone via an all-trans alkenylene structure (Fig. 1E) . Slight structural adjustments of the 3-carbon bridge and the imidazole ring upon photoconversion result in a conjugation of the 2-[(1E)-2-(5- Fig. 2 . Stereo diagram of EosFP in the vicinity of the chromophore. Carbon atoms are shown in green͞black and red͞gray for the green and red forms, respectively. Except for residues Phe-61 and His-62, the protein structures superimpose almost perfectly, indicating surprisingly little change in the overall structure. Fig. 3 . Reaction mechanism explaining chromophore extension and backbone cleavage. Details are discussed in the text.
imidazolyl)ethenyl] and the 4-(p-hydroxybenzylidene)-5-imidazolinone moieties. As already observed in the green structure, the carbonyl oxygen of Phe-61 is hydrogen-bonded to the N␦-H of the His-62 imidazole. Comparison of Fig. 1 D and E shows that the hydrogen bond patterns are almost identical for the two forms. Superposition of the green and red structure in the vicinity of the chromophore underscores the similarity of both species (Fig. 2) , which is surprising in light of the drastically changed photophysical properties.
Photochemical Conversion Mechanism. The x-ray structures presented here enable us to discuss the details of the green-to-red conversion mechanism, considering interactions between the chromophoric unit and the residues in its vicinity. To explain cleavage of the His-62-N␣-C␣ bond, we note that Glu-212 is poised to function as a base that may abstract a proton from His-62-C␤. The observation that replacement of Glu-212 by glutamine abolishes photoconversion (data not shown) underscores the key role of this residue. The conformation of His-62 is preformed for an E2-type ␤-elimination reaction, with Glu-212 acting as the nucleophile attacking one of the two His-62-C␤ protons positioned trans to a carboximidic acid leaving group that subsequently changes into its preferred carboxamide tautomeric form (Fig. 3) . The proposed mechanism does not yet involve photoexcitation, which is known to play a key role in the conversion. Two experimental observations are crucial: the yield of photoconversion of EosFP increases drastically at low pH, in proportion to the fraction of molecules in the protonated form, and moreover, the action spectrum for photoconversion has been observed to track the absorption spectrum of the protonated form (9) . Both of these observations strongly suggest that the neutral form of the green chromophore, with a protonated Tyr-63 phenyl side chain (pK Ϸ5.8) and an absorbance peak at Ϸ390 nm, is the gateway structure for photoconversion of EosFP (Fig. 3) . In GFP, efficient fluorescence is not only observed upon excitation of the anionic form but also of the neutral form because of deprotonation of the phenyl group in the excited state (30, 31) . EosFP, by contrast, shows strongly decreasing fluorescence toward low pH, indicating that this deprotonation mechanism is suppressed. Still, we propose that proton ejection from the Tyr-63 phenyl side chain is a crucial event in our conversion mechanism, keeping in mind that photoconversion is a process with fairly small quantum yield (9) . The proton is subsequently transferred to the His-62 imidazole, which is observed to be hydrogen-bonded with its N␦-H to the Phe-61 carbonyl in both the green and red forms. An additional proton on N increases the tendency of the His-62 N␦-H to donate its proton to the Phe-61 carbonyl, thus rendering the peptide group between Phe-61 and His-62 an ideal carboximidic leaving group in the elimination reaction. After backbone cleavage, the proton on the Phe-61 carbonyl rearranges to form the carboxamide, and the imidazole tautomerizes so as to reform the H-bond between the Phe-61 carbonyl and His-62 N␦-H. Consequently, His-62 is an essential group in the proposed mechanism, which is underscored by the observation that EosFP loses its photoconversion ability after replacement of His-62 by other amino acids (9) . Finally, as previously suggested by Mizuno et al. (20) , the internal charge distribution of the green chromophore changes upon photoexcitation so as to further assist in the elimination reaction.
Conclusions
The x-ray structures presented here provide details on the stereochemical interactions of the chromophore with the surrounding protein matrix. These data have enabled us to propose a mechanism for photo-induced green-to-red conversion. Cleavage of the His-62-N␣-C␣ bond creates the red 2-[(1E)-2-(5-imidazolyl)ethenyl]-4-(p-hydroxybenzylidene)-5-imidazolinone chromophore in a ␤-elimination reaction, in which Glu-212 acts as a base for proton abstraction from His-62-C␤, whereas the His-62 side chain, which is transiently protonated because of photoexcitation, simultaneously assists in the reaction by donating a proton to the Phe-61 carbonyl in the leaving group. It is impressive to see how this intricate covalent chemistry takes place in the interior of the EosFP ␤-can without creating any other changes in the protein structure.
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